Objective-To study the pattern of innervation of the conduction system of the neonatal heart in humans. Design-A prospective analysis based on immunohistochemical and enzyme histochemical examination of newborn human hearts.
indicator;
dopamine ,B-hydroxylase (DBH) and tyrosine hydroxylase (TH) as indicators for sympathetic neural tissue; and selected neuropeptides-namely, neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), calcitonin gene related peptide (CGRP), and substance P (SP). Gomori's technique was used for locating cholinesterase activity. Results-PGP immunoreactive (PGP-IR) nerves were present in large numbers in the sinus node, atrioventricular (AV) node, and penetrating atrioventricular bundle; in moderate numbers in the branching bundle; and occasionally in the bundle branches. Small numbers of DBH-IR and TH-IR nerves were seen in the sinus and AV nodes, mainly perivascularly; there were few in the penetrating and branching bundles and none in the bundle branches. A few perivascular NPY-IR nerves were seen only in the sinus node. VIP-IR, CGRP-IR, and SP-IR nerves were not seen. Pseudocholinesterase activity was found in the conduction tissue, whereas occasional acetylcholinesterase positive nerves were found only in the sinus and AV nodes. Knowledge of the anatomy of the autonomic innervation of the cardiac conduction system is crucial to elucidate mechanisms of neural control of cardiac function, particularly the genesis of arrhythmias. Innervation has been extensively studied in various mammalian species, with not only silver stains for neural tissue in general, but also histochemical methods for cholinergic nerves and histofluorescent techniques for adrenergic nerves.'-3 More recently, sensitive immunohistochemical techniques have allowed more specific and precise anatomical resolution;4 and have identified peptidergic neurotransmitters in cardiac ganglion cells and nerves that supply the conduction system of the heart.7 Considerable variation exists between species in the density and distribution of subtypes of nerves in mammalian hearts.8 It is thus potentially inaccurate to base concepts of the patterns of innervation in the human on findings in other species.
There have been few studies that have used enzyme histochemical techniques to examine the innervation of the human heart,' 910 and no immunohistochemical studies on the innervation of the human cardiac conduction system have been previously reported, to the best of our knowledge. Techniques have shown the cholinesterase positive innervation of the conducting tissue of adult"' but not neonatal human hearts. We, therefore, set out to delineate the pattern of innervation of the cardiac conduction system in the newborn human heart, by a combination of enzyme and immunohistochemical techniques.
Patients and methods

TISSUE PREPARATION
Hearts were taken at necropsy within 18 hours of death from three full term newborn infants with no congenital cardiac anomalies. As appropriate, sections were preincubated at 20°C with tetra-isopropyl-pyrophosphoramide (Sigma Chemicals, USA) as an inhibitor of pseudocholinesterase. Other sections were incubated in the presence of 1,5-bis (4-allyldimethyl-ammoniumphenyl)-pentan-3-one-dibromide (Sigma Chemicals, USA) as an inhibitor of acetylcholinesterase.
The intensity of the staining reaction was also assessed semiquantitatively and graded from 0 to + + + +, with examples given in the figures.
Results
The patterns of immunofluorescence and enzyme histochemistry of the innervation of the cardiac conduction system of the three hearts were similar (tables 3 and 4). Table 3 shows that abundant protein gene product 9-5 immunoreactive nerve fascicles and fibres were present in the sinus node, both in the perivascular regions and among the nodal cells ( fig IB) . On high power magnification, many of the nerve fibres were seen close to the nodal cells (fig 1 C) . Positively staining nerve fascicles and fibres were also seen among the cells of the atrioventricular node, penetrating bundle (of His), and the branching bundle, the density of fibres being slightly less than in the sinus node. In the bundle branches, however, positively staining nerve fibres were only seen focally, concentrated in their proximal portions among and close to the conduction fibres (fig 2) . Many nerves marked with reaction product were also present in the right atrial and interventricular septal myocardium adjacent to the conduction tissue, and were more numerous in the atrial myocardium.
IMMUNOFLUORESCENCE
Dopamine fl-hydroxylase immunoreactive nerves were present in the sinus and atrioventricular nodes, but were sparse. They were seen mainly in the perivascular regions with extensions among the adjacent nodal cells (fig Original magnification, x 20.
3). In the penetrating and branching bundles, fluorescent nerves were scarce, occurring only in perivascular locations. Nerves were absent from the bundle branches but occasional perivascular nerves were found in the fibrous sheath surrounding the bundle branches. Few perivascular nerves positive for dopamine P-hydroxylase were seen in the atrial and ventricular myocardium. The pattern of distribution of the nerves reacting to tyrosine hydroxylase was similar, but they were even fewer in number.
Only occasional perivascular nerves reacting to neuropeptide Y were found in the conduction tissue or the atrial and ventricular myocardium. No nerves were found reacting to vasoactive intestinal polypeptide, calcitonin gene related peptide, and substance P.
CHOLINESTERASE ACTIVITY Table 4 shows that the cells of the sinus node showed prominent pseudocholinesterase but weak acetylcholinesterase activity ( fig 4A) . Also, nerve fibres with a positive pseudocholinesterase reaction were seen among the nodal cells ( fig 4B) . Few nerve fibres had acetylcholinesterase activity, but they could still be identified amongst the nodal cells. By Table 3 Pattern of innervation by immunofluorescence In our study, nerve fibres reactive to dopamine fl-hydroxylase were found mostly in the sinus and atrioventricular nodes, albeit in small numbers, around blood vessels ( fig  3) . There were even fewer in the penetrating and branching components of the ventricular axis, and they were absent from the bundle branches themselves. Their perivascular concentration supports the concept that the paraarterial route constitutes the most important pathway for sympathetic innervation, both for the conduction tissues and the myocardium.3
These findings in human neonates accord with those recently described by Ursell et a14 who studied the anatomical distribution of sympathetic nerves in the developing dog heart. They showed that sympathetic neural tissue first appeared at mid-gestation in the atrium, including the sinus and atrioventricular nodes, and in the ventricular epicardium.
At birth, the sympathetic nerves supplying the conduction tissue increased in number, but were still found mainly in the sinus and atrioventricular nodes. display immunoreactivity to vasoactive intestinal polypeptide have been found in the adult human heart, mainly in the atrium,'0 we were unable to show their presence in the newborn heart.
Calcitonin gene related peptide and substance P are present in afferent nerves supplying the mammalian cardiovascular system, and have been shown to play an important part in the neurogenic inflammation syndrome.'*'8 Although found in other species such as the guinea pig 29 30 and in adult human hearts,'0 such nerves were not found in our newborn human hearts. Ursell et al found only rare varicose nerves that react to calcitonin gene related peptide in the canine heart during late gestation, but the neonatal dog heart contained abundant neural tissue reacting in this way.5 Thereafter, the density of nerves decreased progressively to reach the adult pattern in which nerves reactive to this peptide were sparse. The area of the sinus node was the primary focus of innervation at all stages, although the atrioventricular nodal region was also preferentially innervated. Further studies on the distribution of these peptides in human hearts of varying ages would thus be of considerable interest.
Corresponding to the findings of previous workers,' 11 we found moderate cholinesterase activity in the conduction tissue of the human heart at birth (figs 4 and 5) . Most of this represents pseudocholinesterase, as the intensity of staining declined considerably after pre-incubation with inhibitors of pseudocholinesterase. A few acetylcholinesterase positive nerves were seen among the nodal cells in the sinus and atrioventricular nodes, but not in the bundle branches. The absence of positive nerves in the bundle branches is no more than expected, as only occasional nerve fibres were shown in these regions by the general nerve indicator, protein gene product. These results contrast with those of Kent et al' who showed a rich supply of acetylcholinesterase positive nerves not only in the sinus and atrioventricular nodes of adult human hearts, but also in the bundle branches. Furthermore, they found little or no pseudocholinesterase in the conduction cells. If their findings are correct, it seems that, as the human cardiac conduction system matures, it gradually loses its content of pseudocholinesterase, but acquires a rich supply of acetylcholinesterase positive nerves, presumably cholinergic in nature. Thus although at birth, the human cardiac con- 
